The interaction between localized and extended vibrational modes in solids is of central importance in understanding how local vibrational modes decay into phonons. Interstitial oxygen (O i ) in silicon is a model system for studying such interactions. Using hydrostatic pressure, we have brought the antisymmetric stretch mode of 18 O i in silicon into resonance with the second harmonic of the 18 O i resonant mode. Infrared spectroscopy was used to observe an anticrossing between these two vibrational modes at pressures near 4 GPa. A model of the interaction between these modes produced excellent agreement with the experimentally observed frequencies and linewidths.
Oxygen is one of the most common and technologically important impurities found in Czochralski-grown silicon [1] . In as-grown crystals, oxygen occurs principally as an interstitial defect (O i ) [2, 3] . The oxygen atom is bound to two nearest-neighbor silicon atoms and is found in the off-bond-center position. Because the structure of O i is well understood, it is an ideal system for studying interactions between localized and extended vibrational modes. Such interactions are of central importance in understanding vibrational lifetimes of defects in semiconductors, an area of intense interest [4 -6] .
Over the past few decades, the local vibrational modes (LVMs) of interstitial oxygen have been measured and different models developed to account for their origins [7] [8] [9] [10] [11] [12] . The most well-known vibrational mode is found at 1136 cm ÿ1 and corresponds to the oscillation of a 16 O i atom along the [111] direction, out of phase with the two silicon atoms to which it is bonded [13] . This vibrational excitation is known as the antisymmetric stretch mode. Isotope studies have located the corresponding modes for 17 O i and 18 O i [7] , in addition to those due to different isotopic combinations of nearest-neighbor silicon atoms. Other 16 O i -related modes include the transverse mode at 29 cm ÿ1 , corresponding to movement of the oxygen atom in the [111] plane [14] , and the resonant mode at 517 cm ÿ1 [15] , which involves the transverse motion of the neighboring silicon atoms [11] . Unlike the stretch mode, the resonant mode is extended spatially, with many neighboring silicon atoms participating in the vibrational motion.
In this study, we have used hydrostatic pressure to bring the 1084 cm ÿ1 stretch mode of 18 O i into resonance with a second harmonic of the 517 cm ÿ1 resonant mode. The interaction between the two modes results in an anticrossing of the frequencies. This is the first reported instance of a pressure-induced interaction between a localized and an extended vibrational mode. Since the frequency of the resonant mode lies within the continuum of lattice twophonon states, this interaction also provides information regarding the decay of LVMs into lattice phonons. Such knowledge is useful because vibrational relaxation mechanisms affect properties such as diffusion and energy transfer involving oxygen impurities in silicon [16] .
We used a piston-cylinder diamond-anvil cell with type IIA diamonds to generate pressures up to 6.3 GPa. The Si samples, which contained 10 18 cm ÿ3 of 18 O, were small squares approximately 200 m on a side polished to a thickness of 50 m. Nitrogen was used as the pressure medium and the cell was loaded using the liquid immersion technique [17] . To determine the pressure in the cell at liquid-helium temperatures, we measured the frequencies of the 3 vibrational modes of both N 2 and CO 2 in the nitrogen medium [18] . The diamond-anvil cell was placed in a Janis STVP continuous-flow liquid-helium cryostat with wedged ZnSe windows and kept at a temperature of 8 K during data collection. A Bomem DA8 vacuum Fourier transform spectrometer with a KBr beam splitter was used to obtain infrared absorption spectra ranging from 500 to 5000 cm ÿ1 with a resolution of 1 cm ÿ1 . An off-axis parabolic mirror and light-concentrating cone were mounted in front of the cell and a Ge:Cu photoconductive detector [19] was placed directly behind the cell. Figure 1 shows IR absorption spectra of the 18 O i LVM. Near atmospheric pressure, four distinct peaks can be seen, all of which have been observed previously [7] . The highest energy peak (I) corresponds to a transition jl 0; N 0i ! jl 0; N 1i, where l is the angular momentum about the [111] axis and N is the longitudinal (stretch) quantum number. The two smaller peaks next highest in energy correspond to the same transition, but with the 18 O i atom bound to combinations of less common Si isotopes. The lowest energy peak (II) corresponds to a jl 1; N 0i ! jl 1; N 1i transition. At high pressures, the frequencies of the two transitions 18 O i LVM shows unusual behavior. At the low end of this range, the two peaks (I and II) are seen merging, as was previously observed for the 16 O i LVM [20] . However, around 4.2 GPa, a second absorption peak appears on the low-energy shoulder of the merged LVM peaks. As the pressure is increased, this peak grows in size and the peak due to the merged LVMs disappears above 4.4 GPa. In obtaining the spectra for this study, the cell pressure was increased and decreased several times, with no evidence of hysteresis. Figure 2 shows a plot of the frequencies of the observed peaks for both 16 O i and 18 O i throughout the entire pressure range studied. The dotted and solid lines are frequencies generated by the theoretical model, as discussed in the following paragraphs. The peaks associated with Si: 16 O i show a smooth, continuous shift with pressure. However, for the Si: 18 O i peaks, there is an avoided crossing around 4 GPa. This anticrossing behavior is the result of a resonant interaction between the 18 O i stretch mode and a second harmonic of the 517 cm ÿ1 resonant mode [21] .
To model the experimental observations, we use the approach described by McCluskey and Haller [20] to calculate the frequencies of peaks I and II. In this model, the O i potential in the [111] plane [9] varies with pressure such that the oxygen buckles outward as pressure is applied. We use that same potential, Vr, in this study. Assuming cylindrical symmetry, the wave function in the [111] plane is given by
where the radial wave function u l r and energy eigenvalues E are obtained by numerically solving the Schrö dinger equation:
where m is the mass of 16 O or 18 O. The energy differences between vibrational levels are defined
The stretch-mode frequencies are given by [20] ! 
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VOLUME 90, NUMBER 9 095505-2 095505-2 stretch-mode frequency due to compression of the Si-O bond. The parameters that give the best fit to the experimental data are listed in Table I . The frequencies obtained from Eq. (4) are plotted as the dotted lines in Fig. 2 . To model the anticrossing behavior observed for 18 O i , it is necessary to account for the interaction between the stretch mode and the resonant mode. A schematic diagram of the energy levels in this system is given in Fig. 3 . In the D 3d symmetry of this defect, the stretch (! I ) and resonant modes have A 2u and E u symmetries, respectively. The second harmonics (n 2) of the resonant mode have A 1g and E g symmetries, neither of which interacts with the ! I mode. However, the combination of an jn 2; E g i and jl 1i mode is represented by E g E u A 1u A 2u E u , which contains an A 2u component. Hence, this combination mode interacts with the ! I mode. The matrix element describing this interaction is given by A hl 1; N 0; n 2jHjl 0; N 1; n 0i; (5) where n is the resonant-mode quantum number and H is the Hamiltonian. The symmetry of the ! II mode is E g . The combination of a jn 2; A 1g i and jl 2i mode is represented by A 1g E g E g , so that this combination mode interacts with the ! II mode [22] . The matrix element describing this interaction is given by B hl 2; N 0; n 2jHjl 1; N 1; n 0i: (6) The Hamiltonian for these interactions may be separated into two irreducible matrices,
where !E g and !A 1g are the frequencies of the jn 2; E g i and jn 2; A 1g i modes, respectively; ÿ 1 and ÿ 2 are vibrational decay rates [23] . The energies in H 1 and H 2 are expressed relative to the ground state and the jl 1; N 0i level, respectively. At zero pressure, the resonant mode has a frequency of 517 cm ÿ1 . If we assume that the pressure dependence of this mode is equal to that of the Raman phonon [24] , then the n 2 modes are given by !ÿ 2 517 cm ÿ1 5:2 cm ÿ1 =GPaP ÿ 0:07 cm ÿ1 =GPa 2 P 2 ÿ !ÿ; (8) where ÿ E g or A 1g and !ÿ is an anharmonic correction. The frequencies are given by the real parts of the eigenvalues of the matrices [Eq. (7)] and are plotted in Fig. 2 as solid lines. The frequencies of the combination modes are shown by the dashed lines. The pressuredependent behavior of 16 O i and 18 O i is well described by this model. In addition to describing the frequencies of the stretch modes, our model also reproduces the peak widths. The full width at half maxima (FWHM) for the ! I peaks, on the upper and lower branches of the avoided crossing, are plotted in Fig. 4 . Whereas the width of the 16 O i peak remains fairly constant over the entire pressure range [20] , the 18 O i peak exhibits an abrupt broadening at 4 GPa. The simulated widths were obtained from the imaginary parts of the eigenvalues of the matrices [Eq. (7)]. For pressures greater than 4 GPa, the ! I mode lies within the two-phonon density of states. Since the local density of states is roughly flat for frequencies below the resonant mode [25] , the linewidth should increase by a fixed amount when the mode enters the two-phonon continuum [26] . To account for this effect, the FWHM for modes on the lower branch were adjusted upward by a fixed amount (3 cm ÿ1 ). The simulated FWHM values obtained by this approach are shown by the solid lines in Fig. 4 . The initial increase in the FWHM at 4 GPa is caused by the interaction with the resonant mode, whereas the relatively constant FWHM for pressures greater than 5 GPa is due to the two-phonon continuum. The contributions from these two interactions are shown as dashed lines in Fig. 4 .
In conclusion, we have used hydrostatic pressure to tune the frequency of an LVM into resonance with a spatially extended vibrational mode and used IR spectroscopy to observe the interaction between the two modes. By modeling the anticrossing behavior, we determined that the stretch mode (! I ) and resonant mode interact with a coupling strength of A 3:8 cm ÿ1 . When the two modes are in resonance, therefore, the stretch mode should transform into a resonance mode in 4 ps. Such a transition from a localized to an extended mode is the first step toward decay into lattice phonons.
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